KillerRed is the only known fluorescent protein that demonstrates notable phototoxicity, exceeding that of the other green and red fluorescent proteins by at least 1,000-fold. KillerRed could serve as an instrument to inactivate target proteins or to kill cell populations in photodynamic therapy. However, the nature of KillerRed phototoxicity has remained unclear, impeding the development of more phototoxic variants. Here we present the results of a high resolution crystallographic study of KillerRed in the active fluorescent and in the photobleached non-fluorescent states. A unique and striking feature of the structure is a waterfilled channel reaching the chromophore area from the end cap of the ␤-barrel that is probably one of the key structural features responsible for phototoxicity. A study of the structure-function relationship of KillerRed, supported by structure-based, site-directed mutagenesis, has also revealed the key residues most likely responsible for the phototoxic effect. In particular, Glu 68 and Ser
, located adjacent to the chromophore, have been assigned as the primary trigger of the reaction chain.
The green fluorescent protein (GFP) 2 and related proteins have become efficient noninvasive tools in cell biology and biomedicine for visualizing and monitoring the internal processes within cells or whole organisms (1) (2) (3) (4) (5) (6) (7) (8) . The multicolor labeling technologies, based on fluorescent proteins (FPs), have found important biomedical applications in the studies of various aspects of cancer, including primary tumor growth, tumor cell motility and invasion, metastatic seeding, colonization, and angiogenesis (9 -11) .
The recent development of the first genetically encoded photosensitizer, KillerRed (SWISS-PROT/TrEMBL data base sequence ID Q2TCH5), a highly phototoxic red fluorescent protein (12, 13) , opened a new area of FP application. KillerRed is a red fluorescent protein characterized by excitation and emission maxima at 585 and 610 nm, respectively. This genetic variant was engineered from non-fluorescent and non-phototoxic chromoprotein anm2CP from Hydrozoa jellyfish (sequence ID Q6RYS4). Upon irradiation by green light at the wavelength of 520 -590 nm, KillerRed generates the reactive oxygen species (ROS), accompanied by profound self photobleaching. The ROS-induced phototoxicity of KillerRed is at least 3 orders of magnitude higher than that of other fluorescent proteins exhibiting low background phototoxicity (12) . Such a unique property of KillerRed could find use in light-induced inactivation of target proteins and in precise cell killing. Unlike chemical photosensitizers, KillerRed can be directly expressed by a target cell, both individually and in fusion with a target protein. The most exciting future application of KillerRed may be in photodynamic therapy of cancer. This phototoxic agent, precisely delivered to solid tumors by a viral vector, could serve as an intrinsically generated photosensitizer, causing light-induced tumor destruction. Therefore, understanding the relationship between the structure and properties of KillerRed would be crucially important for further improvement of this unique protein.
We present here the three-dimensional structure of KillerRed in an active fluorescent state at 1.75 Å resolution as well as in photobleached non-fluorescent states at 2.15 Å resolution. We have focused our attention on the distinctive structural features that might be responsible for the observed photophysical properties of the protein. The presented crystallographic data are supported by structure-based, site-directed mutagenesis.
EXPERIMENTAL PROCEDURES
Expression, Purification, and Crystallization-The plasmid pQE30-KillerRed was transformed into Escherichia coli JM109 (DE3) cells. The protein was expressed in 3 liters of LB supplemented with 100 mg/liter ampicillin by overnight incubation at 37°C. No induction by isopropyl 1-thio-␤-D-galactopyranoside was applied, because promoter leakage was sufficient for effective expression. Cells were resuspended in 20 mM Tris, pH 8.0, 100 mM NaCl and lysed by sonication. Supernatant clarified by centrifugation was applied to a metal affinity column (Ni 2ϩ -nitrilotriacetic acid-agarose resin, Qiagen) and washed with 10 column volumes of 20 mM Tris, pH 8.0, 100 mM NaCl. Data Collection, Structure Solution, and Crystallographic RefinementDiffraction data were collected from both the native (red-colored) and photobleached (colorless) crystals of KillerRed. To prepare photobleached crystals, a hanging drop with crystallized protein was irradiated with 5 milliwatts of 532-nm laser light for 5 h. Each data set was collected from a single crystal flash-cooled in a 100 K nitrogen stream. Prior to cooling, the crystal was transferred to a cryoprotective solution containing 20% glycerol and 80% reservoir solution. Data were collected at a wavelength of 1 Å with a MAR300 CCD detector at the SER-CAT beamline 22ID (Advanced Photon Source, Argonne National Laboratory, Argonne, IL) and were processed with HKL2000 (14) .
The crystal structure of KillerRed was solved by the molecular replacement method with MOLREP (15, 16) , using the coordinates of the GFP (Aequorea victoria) monomer (25% sequence identity, Protein Data Bank code 1GFL (17) ) as a search model. Structural refinement of both the native and photobleached proteins was performed with REFMAC5 (18), alternating with manual revision of the model using COOT (19) . Water molecules were Asn  145 and Thr  201 and the catalytic Arg  94 and Glu  218 , interacting with chromophore, are also shown. B, stereoview of the water-filled channel with a chain of seven consecutive hydrogen-bonded water molecules (red spheres) traversing along the ␤-barrel from Pro 192 at the cap loop to the catalytic Glu 218 in the chromophore area. Two other water molecules are shown at the assumed entry point outside of the ␤-barrel (figure created with SETOR (55)). located with ARP/wARP (20) . Structure validation was performed with PROCHECK (21) and revealed that in the final model, all of the nonGly/Pro residues resided in allowed regions on the Ramachandran conformational map. Crystallographic data and refinement statistics are presented in Table 1 .
Mutagenesis and Photophysical Characterization-Preparation of mutant variants by site-directed mutagenesis was performed by PCR using the overlap extension method with primers containing appropriate target substitutions (22) . Mutants were cloned into a pQE30 vector. Small scale expression was performed in E. coli XL1 Blue strain (Invitrogen) grown at 37°C on Petri dishes with LB agar (100 mg/ml ampicillin), with no isopropyl 1-thio-␤-D-galactopyranoside induction. After cell sonication, mutant proteins were purified using TALON metal affinity resin (Clontech). Absorption and excitation-emission spectra of the purified proteins were recorded with a Varian Cary 100 UV-visible spectrophotometer and a Varian Cary Eclipse fluorescence spectrophotometer, respectively.
To compare the phototoxicity of KillerRed variants, we used the following bacterial cell killing test. E. coli (XL1-Blue strain) was transformed with pQE30 vector encoding parental KillerRed or its mutants; plates were incubated at 37°C overnight and then for 3 days at 4°C to assure complete maturation of the mutant proteins. Fluorescence brightness and absorption efficiency of the colonies taken for the phototoxicity test were measured using fluorescence stereomicroscope SZX-12 (Olympus) equipped with a CCD camera and spectrophotometer SMS 2 VIS (Pannhoff Optische Messtechnik), enabling recording of emission and absorption spectra for individual colonies. Protein-expressing cells were obtained from a single E. coli colony, diluted into 200 l of phosphate-buffered saline buffer, and divided into two equal portions. One of them was irradiated with white light (about 1 watt/cm 2 , light source Fiber-Light from Dolan-Jenner Industries, Inc.) for 1 h; the other was kept in the dark. Subsequently, both sample aliquots were plated to Petri dishes at different dilutions. The number of growing colonies corresponded to the number of bacterial cells surviving after irradiation (i.e. colonyforming units). The colony-forming unit number for the irradiated E. coli portion was compared with the non-irradiated one, thus allowing estimation of the relative phototoxic effect for every protein tested.
RESULTS
Monomer Structure-The principal structural fold of KillerRed, shared with all members of the GFP family, is an 11-stranded ␤-barrel having loop caps from both sides and a chromophore (matured from the sequence Gln 65 -Tyr 66 -Gly 67 ) embedded in the middle of an internal ␣-helix located on the ␤-barrel axis. The C-terminal tail 224 -233, having an irregular conformation, goes away from the ␤-barrel side surface. Two cis peptide bonds, preceding Pro 37 (Fig. 1A) . A chain of three hydrogen-bonded water molecules passes through this pore from the outside to the hydroxyphenyl moiety of the chromophore. The presence of an analogous pore has been reported for several non-phototoxic fluorescent proteins, such as TurboGFP (variant of ppluGFP2, Pontellina plumata) (23); wild type zGFP506, zYFP538, and zRFP574 (Zoanthus) (24, 25) ; and mKate (variant of eqFP578, Entacmaea quadricolor) (26) . Based on mutagenesis experiments, the pore was suggested to be essential for the chromophore maturation rate by providing additional access for molecular oxygen (23) . A striking feature of the structure of the phototoxic KillerRed is the presence of a long water-filled channel extending along the ␤-barrel axis (Fig. 1B) . The continuous chain of hydrogenbonded waters in the channel covers the distance from Pro 192 at the flanking cap to the catalytic Glu 218 in the chromophore area. The stereochemical composition of the channel perfectly defines the route of the water stream. Each water molecule makes hydrogen bonds with the preceding and following waters and with the proximal amino acids lining the channel. This feature is unique to KillerRed and was not observed in the structures of other FPs. No evident entry point for these waters was found in the ␤-barrel cap. Only the enhanced thermal motion of the extreme loop segment 184 -190, exposed to bulk solvent and with the atomic B factors 10 -15 Å 2 higher than the mean value, might indirectly indicate a possibility of leakage in this area. It should be noted that another red fluorescent protein, DsRed, despite possessing the same chromophore (27, 28) , does not show any evidence of phototoxicity (12) . An important difference between KillerRed and DsRed (Protein Data Bank code 1GGX) is that, in the latter protein, a water network originating from the end cap does not reach the chromophore. The side chain of the proximal Lys residue at position 69, hydrogenbonded to the Ser side chain at position 199, blocks the flow and protects the chromophore from direct water access. On the contrary, the respective Pro and Ile residues, present at these positions in KillerRed, leave the gate open.
Oligomer Structure-Remarkably, the tetrameric arrangement of the protein subunits, typical for all red fluorescent and non-fluorescent Anthozoa-derived GFP-like proteins, has not been observed in the crystal structure of KillerRed. Both in solution (12, 13) and in the crystalline state, KillerRed exists as a dimer of two monomers (A and B in Fig. 2A ) related by a non-crystallographic 2-fold symmetry axis with side-to-side packing at ϳ90°. The buried area between the monomers (ϳ1,700 Å 2 /monomer) is stabilized by dispersed van der Waals contacts, 10 hydrogen bonds (Յ3.3 Å), and two symmetry-related strong salt bridges between the side chains of Glu 99 (A/B) and Arg 158 (B/A) ( Fig. 2A) . Two aromatic side chains of Phe
162
(A/B) make a stabilizing stack (at ϳ3.5 Å) shielded by the side chains of the nearest four His and two Leu residues at the interface center near the symmetry axis. The irregular C-terminal tail (residues 224 -233) extends away from the ␤-barrel and sticks to the cylindrical surface of the interacting counterpart, contributing to interface stabilization. Removal of the observed salt bridges and stacking interactions, accompanied by deletion of a portion of the C-terminal tail, might favor the monomeric state of the protein, highly desirable for the chromophore-assisted, light-induced inactivation techniques.
In the crystal, the dimers are packed at a 45°angle, forming an oligomeric macrohelix along the crystallographic 2-fold screw axis (Fig. 2B) . The contact surface between the monomers from the adjacent dimers is less extensive (ϳ620 Å 2 /monomer) than within a dimer and is stabilized by a single salt bridge, three hydrogen bonds, and a few hydrophobic contacts.
Native Chromophore StructureThe internal chromophore in KillerRed exhibits the fluorescent properties in a red spectral region with maxima ex ϭ 585 nm and em ϭ 610 nm. The high quality weighted 2mF o Ϫ DF c and mF o Ϫ DF c electron density maps (18) are consistent with the modeled structure of the chromophore, with no indication of any disorder in the relatively tightly packed chromophore environment. The atomic temperature factors of the chromophore are below the average for the protein ( Table 1) .
The post-translational modification of the chromophore-forming sequence Gln 65 -Tyr 66 -Gly 67 results in a two-ring fluorophore structure typical for the family of FPs, consisting of a five-membered imidazolone heterocycle with a p-hydroxybenzylidene substituent (Fig. 3A) . The phenolic ring of Tyr 66 is in cis orientation relative to the C ␣ -N bond and is almost coplanar with the imidazolone ring (the torsion angles around the corresponding C ␣ -C ␤ and C ␤ -C ␥ bonds are ϳ10.5 and ϳϪ1.5°, respectively). The geometry at the C ␣ carbon of the first chromophore residue Gln 65 in KillerRed is consistent with the Anthozoa-derived red and far red fluorescent proteins and involves an sp 2 hybridized center accompanied by formation of an N-acylimine double bond NϭC ␣ . The latter bond extends the chromophore-conjugated -electronic system, apparently resulting in a bathochromic shift in spectra. In all reported structures of the red FPs, the peptide linkage between the chromophore and the preceding residue has a cis configuration (24, (27) (28) (29) (30) (31) . Different geometrical restraint schemes were tested in the refinement of KillerRed in order to determine optimal geometry of the link bridging the first chromophore residue Gln 65 and the preceding Ile 64 . Weak restraints in crystallographic refinement resulted in an Ile 64 -Gln 65 peptide link with strongly linearized bond angle (O)C-N-C ␣ (ϳ165°), showing an inclination to trans configuration. A shell close to the chromophore in the KillerRed structure is composed of 17 residues (within 3.9 Å), including the catalytic Arg 94 and Glu 218 (corresponding to Arg 96 and Glu 222 in GFP). Most of these residues are involved in an extensive network of hydrogen bonds formed by the side chain and backbone interactions and with active participation of mediating waters. Some of those waters are presumed to be reaction products of the chromophore maturation process. Several residues from the network, including Glu 218 and Arg 94 , make direct and watermediated hydrogen bonds with the chromophore (Fig. 4) . This network is apparently functionally important, creating a potential proton wire in the maturation or degradation processes.
Photobleached Chromophore Structure-The crystal structure of KillerRed, irradiated with green laser light at ϭ 532 nm, presents the first example of a photobleached chromophore in the FP family. The resulting weighted omit mF o Ϫ DF c electron density reflects a mixture of the chromophore states at different stages of degradation (Fig. 3B) , which is probably the main reason for the relatively large difference between the R and R free ( Table 1 ). The most visible damage caused by 5 h of light exposure is to the side chains of Tyr 66 and Gln 65 . On the other hand, the five-membered imidazolone ring and the protein backbone remain mostly intact. The weighted omit mF o Ϫ DF c map for the peptide linker preceding the chromophore (the common place for backbone fragmentation in FPs) as well as the proper geometry of the refined peptide fragment unambiguously confirm the integrity of the backbone (Fig. 3B) .
Spectral Transitions of KillerRed in Solution-The long water channel and the pore extending from the protein surface to the chromophore in KillerRed as well as the high phototoxicity of this protein suggest that the chromophore might be accessible to external agents. Taking into account that photoreduction is characteristic for many photosensitizers, we tested, using fluorescence microscopy, several commonly used reductants on KillerRed immobilized on beads. The red fluorescence was found to be quenched by ␤-mercaptoethanol (␤ME), dithiothreitol, and dithionite (in concentrations of 10 -100 mM), whereas the reduced glutathione and cysteine had no effect (at concentrations of up to 300 -500 mM). The most prominent quenching was observed for ␤ME, and this reaction was studied in detail. ␤ME-induced KillerRed quenching was reversible, A, reduction of red fluorescence intensity of KillerRed immobilized on beads upon the addition of 100 mM ␤ME and its recovery after ␤ME has been washed out. B, normalized photobleaching curves for KillerRed immobilized on beads in the absence and presence of ␤ME upon excitation by mercury arc lamp (540 -580 nm, 0.2 watt/cm 2 ). C, absorbance spectrum changes in the presence of ␤ME at different concentrations (shown in mM above each curve). An inset shows the dependence of absorbance at 585 nm on ␤ME concentration. D, absorbance spectrum changes during photobleaching with a green laser at 532 nm.
with red fluorescence largely recovering after washing out ␤ME (Fig. 5A) . The recovery of the red signal was fast and occurred with a half-life of about 3 min. Importantly, KillerRed photostability was found to be noticeably lower in the presence of ␤ME (Fig. 5B) , suggesting possible photoreduction. Measurement of KillerRed absorption spectra in the presence of different concentrations of ␤ME showed a gradual decrease of the "red" peak at 585 nm and a corresponding increase of a 410 nm peak, with the ␤ME EC 50 (half-maximal effective concentration) of about 10 mM (Fig. 5C) . Interestingly, ␤ME-induced KillerRed spectral changes are similar to those observed during the initial stages of KillerRed photobleaching (Fig. 5D) .
We also tested the influence of ␤ME on other red fluorescent proteins and chromoproteins of different origin and oligomeric states. These FPs included the tetrameric DsRed2 (32), zFP574 (33) , and asFP595 (34); dimeric TurboRFP (35); and monomeric TagRFP (35) and mCherry (36) . None of these proteins was sensitive to ␤ME in concentrations of up to 250 mM. The KillerRed progenitor chromoprotein anm2CP showed some sensitivity to ␤ME; however, the effect was much lower compared with KillerRed. Even in 250 mM ␤ME, anm2CP saved more than 60% of red absorption peak intensity. Thus, KillerRed sensitivity to ␤ME appears to be an exceptional case among GFP-like proteins that correlates well with its high phototoxicity.
Structure-based, Site-directed Mutagenesis-The identity of residues potentially important for KillerRed phototoxic properties has been tested by site-directed mutagenesis. In the KillerRed structure, the most critical site in the vicinity of the chromophore is occupied by Glu 68 . Its negatively charged side chain resides in a mostly hydrophobic pocket formed (within 3.5-4 Å) by the side chains of five aromatic residues (Phe 14 (Fig. 6) . The negative charge of Glu 68 is partially compensated by hydrogen bonds with two water molecules, mediating interactions with the carbonyl of the chromophore Gly 67 and the side chain of Ser 119 . The latter residue adopts two alternative orientations and is involved in a hydrogen bond network that interacts with the chromophore. A buried negative charge in an essentially hydrophobic shell apparently gives rise to local energy instability, making Glu 68 potentially highly reactive.
Based on the structural observations, the roles of both Glu 68 and Ser 119 were studied by site-directed mutagenesis. The replacement E68Q resulted in complete inhibition of red chromophore formation. The KillerRed-E68Q mutant exhibited absorption maxima at 394 and 514 nm (protonated and deprotonated GFP-like chromophore) and a weak green fluorescence with em ϭ 523 nm (Fig. 7A) . In contrast, the substitution S119A had only a negligible effect on the spectral properties; absorption, excitation, and emission spectra, overall brightness, maturation efficiency, and photostability of KillerRed-S119A were all very similar to those of the unmodified KillerRed (Fig. 7B) .
To check the influence of these substitutions on the phototoxic properties, we compared the phototoxicity of KillerRed and its mutants in bacterial cells. The E. coli cells expressing these proteins were irradiated with intense white light, and their survival was compared with a corresponding control sample kept in the dark. These tests showed that KillerRed-E68Q is practically non-phototoxic, whereas KillerRed-S119A possesses about 100-fold reduced ability to kill bacterial cells compared with KillerRed (Fig. 7D) .
A total of 20 amino acids differ between the fluorescent, highly phototoxic KillerRed and its non-fluorescent, non-phototoxic progenitor, chromoprotein anm2CP (Figs. 8 and 9A ). Most of these differences are found at the periphery of the ␤-barrel. Three of these substitutions, N145T, T201I, and I199V, reside in the immediate vicinity of the chromophore phenolic ring (Fig. 4) . The nature of Thr at position 201 in KillerRed is distinguished from those of Ile and Leu in the respective anm2CP progenitor and DsRed, characterized by the chromophore-forming sequence identical to that in KillerRed (Fig. 9B) . The first two replacements are the most essential, because they provide a significant contribution to stabilization of the fluorescent cis form of the chromophore by hydrogenbonding the hydroxyl of , which apparently would prevent the latter from optimal hydrogen bonding to the chromophore hydroxyl. The role of Ala 161 , having a smaller side chain, is expected to be the elimination of this negative effect. Analogously to non-fluorescent chromoproteins characterized by the trans state of the chromophore, the non-fluorescent progenitor anm2CP has also been proposed to have its chromophore in the trans state. Based on the KillerRed structure, that state has been modeled for anm2CP with 180°rotation of the Tyr 66 side chain around the C ␣ -C ␤ bond and by the introduction of all replacements corresponding to amino acid differences. The resulting model has demonstrated that this proposed non-fluorescent trans state is most likely stabilized by a hydrogen bond between the Tyr 66 hydroxyl and the Gln 159 side chain. This hydrogen bond is apparently energetically preferable to the assumed competing hydrogen bond with Thr 145 , designated to stabilize the cis form. DsRed has a Gly residue at position 159, which provides an opportunity for Ser 145 to stabilize the cis form of the chromophore through a similar hydrogen bond with the hydroxyl of Tyr 66 . We suggest that a substitution of Gln 159 by a Gly in anm2CP has to destabilize the non-fluorescent trans form of the chromophore and shift the equilibrium in favor of the fluorescent cis form, stabilized by a hydrogen bond with Thr 145 . Indeed, a new mutant variant anm2CP-Q159G has acquired evident red fluorescence (about 4-fold brighter compared with anm2CP) and noticeable phototoxicity (Fig. 7D) . The same Q159G mutation in KillerRed has not resulted in any evident effect on its spectral properties and phototoxicity (data not shown), which most likely indicates the predominance of the cis chromophore form over the potential trans form.
Our results show that the residues at positions 145 and 159 compete in the ability to stabilize the cis and trans states of the chromophore. The choice between these two states depends significantly on the nature of the corresponding residues. Asn 145 (supported by the water-mediated Thr 201 ) in KillerRed and Ser 145 in DsRed, both stabilizing the cis form, evidently have more influence than Gln and Gly at position 159, designated to stabilize the trans form. On the contrary, Gln 159 , presumably stabilizing the trans form in anm2CP, seemingly predominates over Thr 145 , designated to stabilize the cis form.
We have also carried out a number of mutagenesis experiments that were expected to modify the water channel extending along the ␤-barrel axis. In particular, we constructed mutants I78A, I78T, I78V, P192A, H195G, H195A, H195S, and H195N with the aim of increasing the access of external water to the channel. We also created mutants A72L, A82K, P69K/ I199S, and A82K/Y74H/H195Y, with the aim of blocking the water flow in the channel. The barrier produced by the hydrogen bond between Lys 69 and Ser 199 was found to protect the chromophore from direct water access in DsRed. Unfortunately, all of these mutants exhibited very poor maturation rates, thus preventing direct comparison of their phototoxicity with that of the parental KillerRed. However, more encouraging results have been obtained for the variant A220T. The larger Thr 220 apparently partially blocks the channel, resulting in about 10-fold decreased phototoxicity, while retaining the spectral properties and maturation efficiency close to those in KillerRed (Fig. 7, C and D) .
DISCUSSION
The phototoxicity of the GFP-like proteins is usually very low, perhaps because of screening of the internal chromophore from water media by the protein shell. KillerRed is the only currently known fluorescent protein exhibiting prominent phototoxicity. The observed water-filled channel reaching the chromophore area from the end cap of the ␤-barrel is one of the important distinctive features of KillerRed responsible for its unique phototoxic properties (Fig. 1B) . Indeed, increased access to the chromophore might facilitate its degradation and/or promote the accompanying toxic effect by conveying O 2 and the photoinduced ROS species, respectively, inside and outside of the ␤-barrel. Alternatively, the water channel could be a "proton wire," providing proton transfer that stabilizes a negatively charged chromophore radical in the course of primary electron transfer from an external electron donor (37, 38) . The light-driven proton-pump function was recently proposed for avGFP (39) . Notably, a similar water channel containing five ordered water molecules reaching from the protein surface to the heme was revealed in cytochrome f and showed to be crucial for its in vivo electron transfer function (40, 41) . In some models, it was demonstrated that ordered water molecules can directly facilitate electron transfer, working as an "electron wire" (42, 43) . Therefore, the highly ordered water molecules in KillerRed could possibly play a role of electron wire, conducting electrons from the attacked external molecule.
There is currently no direct evidence that the pore at the cylindrical surface of the ␤-barrel of KillerRed, with a string of water molecules reaching the chromophore hydroxyl, is critical for its toxic properties (Fig. 1A) . A similar pore was observed in several non-phototoxic FPs and was shown to be essential for the rate of the chromophore maturation, presumably by providing additional access for molecular oxygen (23) (24) (25) (26) . Nevertheless, we believe that the supply of extra oxygen may provide additional support for the ROS generation.
We propose that Glu 68 and Ser 119 are among the key functional residues defining the unique features of KillerRed. The reactive role of a buried charge in a hydrophobic environment was previously demonstrated for the yellow fluorescent protein zYFP538 (Zoanthus sp.) (25) . In addition, Asp 68 in zYFP538 was shown to be one of the key reactive residues promoting the posttranslational modification of the chromophore beyond the green emitting form (44) . The results of KillerRed mutagenesis showed that Glu 68 is actively involved in posttranslational modification of the chromophore beyond the green emitting form and, in combination with Ser 119 , is the most probable photoinduced trigger for the reaction chain causing ROS generation and the observed phototoxic effect. Replacement of the hydrophilic Ser 119 by the hydrophobic Ala may result in removal of water molecules connecting Glu 68 with Ser 119 and the chromophore from the hydrophobic pocket (Fig. 6) . The proposed FIGURE 8. Structure-based sequence alignment of KillerRed, its wild-type progenitor anm2CP, DsRed, and avGFP. The numbering of residues in KillerRed and avGFP is given above and below the corresponding sequences. Buried residues are highlighted in gray. The chromophore-forming sequence is underlined. In red are shown residues residing in the nearest environment of the chromophore (Յ3.9 Å); among them are the catalytic residues, Arg 94 and Glu 218 (highlighted in yellow), whereas the KillerRed/anm2CP differences are highlighted in blue.
hydrophobic isolation of the negatively charged Glu 68 from the network might play a critical role in the ROS-generating reaction process. The adjacent, potentially reactive catalytic Glu 218 and Arg 94 residues (45) (46) (47) (48) , both making direct hydrogen bonds with the chromophore, might contribute to the reaction chain triggered by Glu 68 . It was demonstrated that non-fluorescent chromoproteins, including anm2CP, are characterized by a very short lifetime of the excited state (less than 1 ps), whereas the lifetime of the fluorescent proteins lies in the nanosecond time scale (49) . A much longer lifetime of the excited cis state of the chromophore in KillerRed (by 3 orders of magnitude) most likely increases the probability of photodynamic reactions.
The proposed structural differences between the parental wild type anm2CP and its variant KillerRed are of primary importance for the evolution of the KillerRed properties. In contrast to the trans conformation of the chromophore that is most likely present in anm2CP, the cis conformation in KillerRed, stabilized by hydrogen bonds with Asn 145 and Thr 201 , the latter watermediated, brings the Tyr 66 phenolic ring close to the key residues Glu 68 and Ser 119 and points this ring toward the water pore at the cylindrical ␤-barrel surface (Fig. 1A) . The improved access of oxygen to the chromophore through the pore is expected to enhance the photodynamic response. In the Q159G variant of the non-toxic and non-fluorescent progenitor anm2CP, the proposed transition of the chromophore from the non-fluorescent trans to the fluorescent cis state resulted in the appearance of red fluorescence (data not shown) and toxicity (Fig. 7D ). This remarkable effect is obviously due to creating a stereochemical environment of chromophore similar to that found in KillerRed.
Better access of water to the chromophore area through the long channel in KillerRed is another proposed key feature responsible for its phototoxicity. The replacement of Ala 220 by the larger Thr interferes with the passage of water molecules through the channel, resulting in lower phototoxicity (Fig. 7D) .
The biochemical data presented here demonstrate an exceptional accessibility of the KillerRed chromophore to external reductants. Spectral changes upon treatment with ␤ME may be attributed to reduction of the acylimine group of the "red" chromophore, resulting in a "green" protonated state, which absorbs at ϳ400 nm (Fig. 5C) . The observed reversibility of the red fluorescence after washing out ␤ME suggests that the chromophore environment in KillerRed ensures a dynamic equilibrium between the reduced and oxidized states of the chromophore. Although the molecular mechanism of the phototoxic effect of KillerRed remains largely unclear, we have shown here that this effect is accompanied by extensive chro- Fig. 8 ) between the phototoxic, fluorescent KillerRed (element C in green) and the non-toxic, nonfluorescent anm2CP (element C in orange). B, the neighborhood of the chromophore in the superimposed threedimensional structures of KillerRed (element C in green) and DsRed (element C in orange) (created with SETOR (55)). mophore degradation (Fig. 3B ). Significant degradation was observed for the side chains of Gln 65 and Tyr 66 of the chromophore. Under most physiological conditions, the aromatic amino acids were reported to be among the primary targets for ROS-mediated oxidation (50) . Surprisingly, the five-membered imidazolone ring of the chromophore remained relatively stable to ROS attacks, whereas a closely related imidazole ring of a histidine was shown to be susceptible to ROS-induced degradation (50) . We hypothesize that the degradation of Gln 65 and Tyr 66 side chain is a side effect of the repeated cycles of photoreduction and the following oxidative restoration of the chromophore acylimine group during photodynamic reactions. Indeed, spectral changes during the early stages of the light-induced KillerRed bleaching most likely correspond to conversion of a "red" chromophore (absorption peak at 585 nm) into a protonated "green" chromophore (absorption peak at 400 nm) (Fig. 5D) .
Generally, photosensitizers can act via photodynamic reactions of type I or type II (51) (52) (53) . In type I reactions, a photoinduced electron transfer from an appropriate molecule to the photosensitizer occurs as a primary step, followed by interaction of the reduced photosensitizer with molecular oxygen and formation of the superoxide anion radical O 2 . . Type II reactions perform direct energy transfer from an excited photosensitizer to oxygen, resulting in generation of singlet oxygen. The combination of available data allows us to propose that KillerRed is, most likely, a type I photosensitizer. A recent study demonstrated that its phototoxicity for mammalian cells is lower in D 2 O compared with control samples in H 2 O (54). For type II photosensitizer, we would expect an opposite result, because the corresponding ROS agent, singlet oxygen, exhibits an extended lifetime in D 2 O. The decreased phototoxicity of KillerRed in D 2 O also indicates that proton transfer is an important step in the photodynamic reaction, supporting the proposed role of a proton wire in the long water channel. The spectral changes at the initial stages of KillerRed photobleaching (Fig. 5D ) have been found to be similar to those observed for ␤ME-induced KillerRed. This suggests that the primary step in photodynamic action of KillerRed is a photoinduced reduction of acylimine group of the red chromophore by an electron from an external moiety. Subsequently, the molecular oxygen may abstract this electron with formation of O 2 . and restoration of the original chromophore structure. This process may occur many times before resulting ultimately in chromophore degradation. To summarize, we emphasize the key combination of the structural features as proposed primary prerequisites for the observed unique properties of KillerRed: (i) the water-filled channel and the pore that increase accessibility to the chromophore; (ii) the presence of Asn 145 and Thr 201 residues, stabilizing the cis form of the chromophore; and (iii) Glu 68 and Ser 119 , adjacent to the chromophore, becoming the key reactive residues. We believe that structural and mutagenesis data presented here provide a solid base for a further interdisciplinary study of KillerRed and for development of more effective, genetically encoded photosensitizers, which could be used in a variety of applications.
A short publication describing the structure of KillerRed was published on-line when this paper was undergoing review (58).
The main conclusions reached by its authors are in agreement with the results presented here.
